Elliptically polarized light-scattering measurements were performed to investigate the dispersion behavior of multiwalled carbon nanotubes (MWNT). Xylene-and pyridine-derived MWNT powders were dispersed in water and ethanol in separate optic cells and allowed to sit undisturbed over a two-week time period after probe sonication. Continuous light-scattering measurements taken between scattering angles of 10-170 deg and repeated over several days showed that the nanotubes formed fractal-like networks. The pyridine-derived MWNTs showed greater dispersion variation over time, tending to aggregate and clump much faster than the xylene-derived tubes. The water suspensions appeared much more stable than the ethanol suspensions, which transformed into nonfractal morphology after a few hours. We relate the dispersion stability to size and fringe patterns on the outer surface of the nanotubes. Measured values of fractal dimension were distinctly lower than those in previous studies of single-walled carbon nanotubes. Profiles of both diagonal and off-diagonal scattering matrix elements are presented.
INTRODUCTION
Carbon nanotubes (CNTs) have received considerable attention since their discovery by Iijima in the early 1990's. 1 Their unique one-dimensional structure (length of as much as several micrometers and diameters as small as a few nanometers) leads to interesting physical properties with vast potential for the development of new and improved materials. 2, 3 A wide array of applications is envisioned that are expected to have a strong technological and financial impact in several industries, e.g., electronics, energy, and pharmaceuticals, to name a few. Serious technical obstacles, however, must be overcome if this vision is to become a reality. Among one of the more challenging obstacles is that of preventing or controlling the clumping of nanotubes in suspension, which prevents exploitation of the key feature of nanoscale materials-their high surface area.
Among the most promising applications for CNTs is their use as fillers in nanotube-reinforced composite materials. Nanocomposites reinforced with CNTs have been shown to have extraordinary specific stiffness and strength, 4, 5 representing tremendous potential as a new family of ceramic-and polymer-based materials. Unfortunately, there are significant challenges to making successful CNT-based composites that arise from their poor dispersion behavior. In suspension, CNTs tend to clump together and form aggregates owing to van der Waals attractive forces between the tubes. Aggregated nanotubes negate the advantages of the high surface area of nanofillers, and the resulting nanocomposites do not exhibit the anticipated macroscopic properties envisioned. 6, 7 Several studies have examined different approaches to overcome this problem, e.g., intense sonication, 8 addition of surfactants, 9 and surface modification. 10, 11 Although these approaches have found some success in the research lab, challenges remain in identifying appropriate dispersion protocols that can be used in economically attractive large-scale manufacturing. The properties of CNTs depend on their atomic arrangement, chirality, diameter, length, and morphology. 4 There are two structural forms of nanotubes: singlewalled nanotubes (SWNT) and multiwalled nanotubes (MWNT). Both the SWNT and the MWNT are long, thin structures that tend to intertwine and clump in liquid suspension. As individual structures, however, the SWNT and the MWNT are quite different. SWNTs consist of a single graphene sheet (a hexagonal array of carbon atoms) rolled up into a cylinder with pentagonal rings as end caps 5 and have diameters ranging from 0.1 to 5 nm, ; the corresponding fractal dimension in these studies varied from 2.2 to 2.1. We have also studied the lightscattering signals from dispersed SWNTs 12 and found that the dispersion behavior (and the measured fractal dimension) was dependent on a variety of parameters, e.g., sonication and surface treatment. In addition, we observed stability changes over time-the fractal dimension measurements varied as the suspensions stood undisturbed. To our knowledge, no analogous scattering studies with MWNT dispersions have been performed.
In this paper we examine the light-scattering characteristics of three different multiwalled CNT suspensions, including CNTs with both fullerenic and polyhedral morphologies (pristine carbon MWNTs with concentric graphene fringes and N-doped MWNTs). Two dispersion recipes are examined: water suspensions with a nonionic surfactant and an ethanol-based dispersion with no surfactant. The light-scattering instrument was configured to measure six scattering matrix elements as well as the fractal dimension. Several measurements are performed over time to assess dispersion stability.
MEASUREMENT OF THE SCATTERING MATRIX ELEMENTS
The light-scattering characteristics of a particle or group of particles are completely described by considering the general polarization states of incident and scattered light (elliptical polarization) and their relationship. The intensity and state of polarization of light is specified by the four-element Stokes vector K
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:
where I represents the total intensity, Q is the difference between the horizontally and the vertically polarized intensities, U is the difference between the +45°and −45°i ntensities V is the difference between the right-handed and the left-handed circularly polarized intensities, and T represents the mathematical transpose operation on the vector. The relationship between the Stokes vector of incident light K i and that of scattered light K s can be expressed in terms of the 4 ϫ 4 Mueller scattering matrix ͓S͔͑͒: 
k =2 / is the wave number ( is the effective wavelength of light in the scattering media, i.e., the wavelength of the incident light divided by the real part of the index of refraction of the media) and r is the distance from the center of the scattering object to the light detector. Each element of the scattering matrix is a function of the scattering angle . S 11 is the differential scattering cross section, and S 12 is the measure of linearly polarized scattered light for an incident unpolarized light beam. The length scale of a light-scattering experiment depends on and , commonly expressed in terms of the inverse of the scattering wave vector, q =4 / sin͑ /2͒. When = 632 nm/ n med (n med = 1.33, the real part of the refractive index of water, the suspending media), variations in from 10 to 170 deg correspond to a length scale q
For an ensemble of particles that have a plane of symmetry and are randomly oriented, the scattering matrix S͑͒ reduces to
If the particles are spherical and of equal diameter, the diagonal elements in the upper and lower quadrants are identical, i.e., S 11 = S 22 and S 33 = S 44 . These two equality relationships do not hold for elongated particles, and the disparity between the scattering elements increases with increasing elongation. Clearly, since nanotubes are long and thin and do not do have a plane of symmetry at the individual nanotube level, the symmetry relationships would not hold. However, at the larger characteristic size scale of our apparatus, where the probe sees agglomerated tube bundles, it is instructive to investigate the relationship between the different scattering matrix elements. A detailed discussion concerning the determination of the scattering matrix elements can be found in Ref. 14.
Fractal-like aggregate morphology is identified by the scattering wave-vector dependence of the scattered light intensity:
where D f is the fractal dimension of the nanotube network. Thus a negatively sloped straight-line curve on a plot of log͓S 11 ͑q͒ − S 12 ͑q͔͒ versus log͑q͒ indicates fractallike morphology at the length scale of q −1 . The absolute value of the slope of the curve corresponds to the fractal dimension. Generally, the greater the fractal dimension, the more compact the morphological structure of the aggregate (D f typically varies between 2.6 for a very compact structure and 1.2 for a very loose, stringy agglomerate structure). Previously, we measured the fractal dimension of suspended nanoparticles and were able to determine the size distribution of the agglomerates and analyze the effect of sonication and acid treatment on dispersion stability. 15 Owing to the extremely small size scale of the CNT diameter and their very high aspect ratio, we cannot determine size or size distribution, but investigation of dispersion stability is possible via analysis of fractal dimension variations over time; see e.g., Ref. 12. Figure 1 is a schematic illustration of the primary hardware components of the particle characterization system and their location. Nanotube suspensions are contained in a 5 cm diameter cylindrical beaker (2 mm thickness), which acts as an optical cell. The cell is placed on a platform at the center, and the detector optics are mounted on a rotating platform. A 632 nm photodiode laser beam path is shown as the dashed line in the figure. The system employs a mirror and two Fresnel rhombs, redirecting the laser beam to minimize system dimensions. The optic rail, which contains the incident optics, is tilted by 4 deg in the vertical plane to avoid any surface reflection effects from the optical cell. The incident light and scattered light are modulated by retarders and polarizers situated along the beam path. Six different polarization sets are obtained via computer-controlled rotation of the mounts on which the retarders and polarizers are seated. Photomultiplier tube (PMT) measurements at different scattering angles are accomplished by controlling the movement of the rotating platform via the data-acquisition software for each polarization set. Data acquisition is thus programmed as a multiangle-multipolarization scanning device. The scattering-angle detection range is preprogrammed to scan from 10 to 170 deg in increments of 4 deg. The entire system is optically sealed to eliminate stray light. Total measurement time is approximately 8 min.
EXPERIMENTAL CONFIGURATION AND OPERATION

MATERIALS AND PREPARATION
Three MWNT samples were prepared, which we label CS, CL, and NC (see description of MWNT powders in Table  1 ). The floating-catalyst chemical vapor deposition method, as described previously, 15 was utilized to synthesize both pristine carbon MWNTs (denoted C-MWNTs) and N-doped MWNTs (denoted CN x -MWNTs) from xylene-ferrocene and pyridine-ferrocene mixtures, respectively, within a two-zone furnace system consisting of a quartz tube reactor and a flat quartz plate (10 cm by 60 cm) inserted at the reaction zone for additional deposition surface. The ferrocene was dissolved into xylene or pyridine to a specified Fe:C ratio of 0.75 at. %, and then injected into the preheated zone of the reactor continuously by a syringe pump. The xylene (or pyridine)-ferrocene vapors were carried into the reaction zone of the furnace ͑800°C͒ by an Ar-H 2 (10%) sweep gas.
Both CS and CL are xylene-derived C-MWNTs (pyrolysis at 800°C but with different duration times). Figures  2(a) and 2(b) , scanning electron microscope (SEM) and transmission electron microscope (TEM) images of CS and CL, show that both samples consist of very pure C-MWNT arrays (bundles). From the cross-sectional SEM observations of an as-prepared nanotube mat, the average tube lengths of CS and CL tubes are ϳ100 and ϳ60 m, respectively. From the low-magnification TEM, the average tube outer diameters are ϳ35 and ϳ70 nm, respectively. High-resolution transmission electron microscopy (HRTEM) reveals that such C-MWNTs have concentric graphene fringes on the tube walls.
The electron microscope images found in Fig. 2(c) show the pyridine-derived CN x -MWNTs, NC, have an average tube length of ϳ35 m and average outer diameter of ϳ35 nm. HRTEM observations reveal that such tubes have herringbonelike fringes on the tube wall (the graphene fringes are not parallel to the tube axis; see arrows in image). Furthermore, these tubes contain as much as 2.62 wt. % N. 16 Electron-energy-loss spectroscopy analysis reveals that such doped N atoms (as the electron donor) form pyridinelike N u C bonds, resulting in n-type conductors. 17, 18 Two colloidal suspensions of CS, CL, and NC were prepared by mixing the dry powders of the samples in both deionized water (with a few drops of surfactant added) and ethanol. Suspensions were created in a two-step process: 0.02 g of dry powder were combined with 50 ml of suspension and then probe sonicated for 3 min at 18 W power; 1 ml of this sample was then mixed with 75 ml of the suspending medium and again sonicated for 3 min at 18 W.
RESULTS AND DISCUSSION
A. Water Dispersions Figure 3 is a photograph of the MWNT dispersions in the measurement beaker after standing undisturbed for two weeks. Immediately after sonication the suspensions were very well dispersed; there were no visible particulates, and the suspensions were very homogeneous. After two weeks, however, particulates became visible, and large clusters formed. Figure 3 provides a visible indication of the poor stability of the suspensions. In particular, sample NC exhibits very poor dispersion behavior, with fairly large clumps visually evident. In contrast, previous experiments with SWNT suspensions showed very stable dispersions after a two-week time period. 12 SEM pictures of the samples after dispersion (single drops of suspension were placed on stubs and allowed to dry; once dry, they were gold coated) are shown in Figs.  4(a)-4(c) . Unlike the presuspension micrographs shown in Fig. 2 , the MWNTs are shown to form an irregular mesh of randomly oriented tubes. The SEM pictures show some nanotubes to be fairly stiff (straight), and others are very flexible with a high degree of curvature. Unlike most SWNT networks, there appears to be very little roping For improving resolution between the various measurements, the intensity of curves representing times after 20 h is lowered-corresponding to a decrease in the power setting of the PMT by a factor of 0.85. For each sample, the curve at 0 h (just after sonication) is not as linear as the curves for longer time periods. This may indicate that there is an initial period in which the mesh configuration has not fully settled into a fractal-like structure.
The fractal dimension is relatively stable over time for samples CS and CL, as seen in Figs. 5(a) and 5(c). Sample NC, on the other hand, shows an increasing fractal dimension with time [ Fig. 5(b) ]. This may indicate that the network of tubes is becoming more compact, which (as an extrapolation over a two-week period) corresponds to the visual results shown in Fig. 3 -precipitation of large agglomerates. The data for days 6-9 appear to contain two different slopes-a steeper slope in the log͑q͒ range from 2.0 to 2.4 and a more moderate slope in the log͑q͒ range between 2.5 and 3.2. The values of the slopes can be found on the figure; D f for the entire q range ͓log͑q͒ = 2.0-3.2͔ is found in the legend. The presence of two different and distinct slopes indicates a gradual change over time in the MWNT network morphology that is dependent on the length scale, i.e., q. We observed similar behavior in our study of SWNT morphology 12 ; only the steeper slope was in the high log͑q͒ range (smaller length scale). Also, the measured fractal dimension of SWNTs in Ref. 12 was much larger ͑D f = 1.7-2.8͒ in comparison with the measured values found with MWNTs ͑D f = 1.23-1.53͒, indicating a looser mesh structure for MWNTs. Figure 6 contains plots of the four diagonal scattering matrix elements versus scattering angle for the three different MWNT powders prepared in water after standing for 1 h. The plots are normalized with respect to the measured value at the smallest scattering angle ͑10 deg͒. The angular scattering profiles for scattering matrix elements S 11 , S 22 , S 33 , and S 44 are all similar-a sharp decrease at low scattering angles followed by a fairly constant value hovering around zero as the scattering angle increases. These profiles are typical of the scattering patterns of fractal-like agglomerates.
19 Figure 7 shows plots of the off-diagonal scattering matrix elements of each MWNT sample dispersed in water for 1 h after sonication. The PMT power supply setting used in the measurements of these samples is the same. These plots exhibit a bit more character than those of the diagonal elements. S 12 for NC initially decreases and then increases monotonically with an increase in scattering angle. The other two samples show only a monotonic rise with scattering angle. Measurements of all three samples show a leveling off to zero value in the backscatter regime. S 34 appears a bit noisier and also shows an initial decrease followed by a monotonic rise with increasing angle. The minima points in the curve for each sample, while all falling in the forward-scattering regime, do not correspond. As with S 12 , S 34 also tends toward zero value as the scattering angle increases past 90 deg.
The relative behavior of the S 12 curves is sometimes used to provide information concerning the relative size of the particles. The measurement of agglomerated spheres has shown that, as the size of particles with fractal-like scattering behavior increases, the minima in the S 12 graph shifts toward smaller scattering angles (S 12 goes to zero at a zero-deg scattering angle). 19 Equating this trend to tube diameter in place of sphere diameter, our results correspond to the electron microscope images for NC-it has the smallest tube diameter of the three samples. One might surmise from the trends in the curves that CS has a tube size smaller than CL, extrapolating that its minima occurs at a higher scattering angle on the basis of the differences in S 12 as the scattering angle decreases (note the situation at 10 deg). The TEM images found in Fig. 2 , however, contradict this conclusion. Since other factors obviously play a role (the tube length of CL is smaller than that of CS, and the fractal dimension is larger) in the character of the S 12 profile, care must be taken in arriving at size comparisons based solely on S 12 .
Both the visible pictures and the light-scattering measurements of the pyridine-derived CN x -MWNTs, NC, are easily distinguished from the xylene-derived C-MWNTs, CS and CL. NC forms larger agglomerates (with visible inspection) and displays unstable fractal dimension measurements over time. There are a few key physical characteristics that separate NC. First, NC has significantly smaller lengths, which presents a greater number of possible configurations (i.e., the tubes are less constrained). Second, the fringes on the outer surface of the tubes are not parallel with the tube axis, as they are with the pristine tubes. There are open fringes on the tube's outer surface, where dangling bonds might have a strong interaction with the Triton-X surfactant to cause agglomeration. To test this theory, we also tested all three MWNT powders dispersed in water without surfactant. The results (not shown) displayed visible and light-scattering behavior almost identical to the samples with surfactant. Figure 8 is a photograph of the MWNT suspensions dispersed in ethanol after standing undisturbed for two weeks. In comparison with the photograph of MWNT dispersed in water and standing for two weeks (Fig. 3) , the ethanol dispersions show much larger clumps. The tubes appear to have agglomerated into large flocs, especially NC. Figure 9 shows the fractal plots of the three samples dispersed in ethanol. Owing to poor stability, the samples exhibited fractal-like behavior for only a short time period. Sample NC exhibited fractal-like behavior ͑D f = 1.37͒ immediately after sonication, but, after only 1 h, the S 11 − S 12 measurement became erratic with q. The signal for CL was stable for a longer period of time ͑ϳ15 h͒ but also became erratic with q. The CS suspension showed fractal-like behavior for approximately 5 h. The initial value of D f was higher for the ethanol dispersions in comparison with the water dispersions for each sample.
B. Ethanol Dispersions
As was the case for the water suspensions, NC exhibited less stable behavior both visibly and with regard to the light-scattering measurements than both CS and NC. Again, we highlight the two key physical characteristics that separate the C-MWNTs from the N-doped MWNTs: size and nonaligned fringe pattern on the tube surface. Interestingly, the ethanol dispersions are significantly less stable than the water dispersions, underlining the importance of choosing the correct solvent for obtaining good dispersion behavior.
SUMMARY AND CONCLUSIONS
Elliptically polarized light-scattering measurements were performed to assess the stability of xylene-and pyridinederived multiwalled carbon nanotubes in water and ethanol suspensions. Continuous measurements performed over several days, as well as visible observations after the suspensions stood for two weeks, showed the xylenederived samples to be significantly more stable than the pyridine-derived samples. The nanotubes appeared to form fractal-like network morphologies with measurable fractal dimensions. The fractal-like characterization disappeared over time as the nanotubes formed large clusters. The morphology of the xylene-and pyridine-derived nanotubes were not only different but also changed at different rates (the pyridine-derived nanotubes being less compact and less stable). We relate these differences to the reduced size of the pyridine-derived nanotubes and the nonaxial fringes on the tube's outer surface.
The angular profiles of the diagonal and off-diagonal scattering matrix elements are also presented. The profiles of the diagonal elements are typical of fractal-like agglomerates of spherical particles. The profiles of the offdiagonal elements, however, exhibit more structure and can be more easily distinguished from each other, being more shape sensitive. The location of minima in S 12 on the angular scattering curves also provides an indication of relative size. We believe this is the first reporting of the angular profiles of scattering matrix elements of multiwalled carbon nanotubes.
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